Since the 1970s it has been generally considered that bile acids are promoters of colon cancer, but lack carcinogenic activity. However, recent evidence indicates that bile acids do, indeed, act as carcinogens.
Substantial evidence from a variety of sources indicates that bile acids are involved in the etiology of colon cancer, although it has usually been assumed that they only act as promoters. The incidence of colon cancer, as well as mortality rate, varies dramatically across regions of the world. There is more than a 10-fold difference in incidence of colon cancer between countries [1, 2] . Rates of colon cancer incidence among populations migrating from low-incidence to high-incidence countries change rapidly, and within one generation reach the rate in the highincidence country. This could be seen, for instance, in a population migrating from Japan to Hawaii [3] . These changes in colon cancer incidence are thought to be largely due to changes in diet. There is a correlation between large increases in both meat and fat in the diet and large increases in incidence of colon cancer, graphed on an exponential scale [4] .
The concentrations of the bile acids deoxycholic acid (DOC) and lithocholic acid are doubled in the colonic contents of human in response to a high fat diet, where the fat comes from red meat and milk products (butter, sour cream) [5] or from corn oil [6] . In populations with a high incidence of colorectal cancer, fecal concentrations of bile acids are increased [7] [8] [9] [10] [11] [12] [13] , suggesting that increased exposure of the colonic lumen to high levels of bile acids plays a role in the natural course of development of colon cancer. The hydrophobic bile acids, DOC and lithocholic acid, appear to be the most significant bile acids with respect to human colorectal cancer [12] .
Early experiments with rats indicated that bile acids have a promoting, but not carcinogenic effect. In those studies, bile acids enhanced the incidence of tumors when a potent carcinogen was also administered. In the first of these studies [14] the bile acids lithocholic and taurodeoxycholic acid were administered intrarectally; in the second study [15] DOC was administered intrarectally to germ free rats; in the third study [16] cholic acid and chenodeoxycholic acid were administered intrarectally; and in the fourth study [17] cholic acid was fed, but only over a 6 month period.
More recent experiments, however, have provided insight into the effects of bile acids on colonic epithelial cells suggesting a carcinogenic role for bile acids. In 2009, we reviewed 12 studies showing that exposure of colon cells to high physiologic concentrations of DOC induce formation of reactive oxygen species [18] . In this review we also summarized 14 studies showing that exposure of cells to bile acids increases DNA damage, and 26 studies showing that bile acids cause apoptosis. Surviving cells that retain un-repaired DNA damages, upon replication may give rise to daughter cells with mutations, including chromosome abnormalities (Figure 1 ). In addition, bile acids repress expression of proteins involved in the spindle assembly checkpoint, which likely contributes to aneuploidy [19] .
Exposure of cells of normal colonic epithelial origin to DOC causes mitotic aberrations that are precursors to aneuploidy and are indicators of genome instability [19, 20] . These precursors caused by DOC include micronuclei (Figure 2) , chromosomes displaced from the metaphase plate, lagging chromosomes and chromatin bridges.
Some of the bile acid-induced mutant/aneuploid cells likely acquire a growth advantage (e.g. apoptosis resistance). We showed that colonic epithelial cells grown in culture and repeatedly exposed to increasing concentrations of DOC developed resistance to apoptosis. These apoptosis-resistant cells were altered in expression of 839 out of 5,000 genes assessed by cDNA assay [21] and in 91 of 454 proteins detected by a proteomic analysis [22] . The cells with a growth advantage may form a defective field as suggested by the finding that expression of the antiapoptotic protein Bcl-xL is increased in the colon mucosa adjacent to adenocarcinomas [23] . In addition, deletions of chromosome 1p were simultaneously found in both the distant normal-appearing mucosa of 76% of patients that also harbored 1p deletions in their cancer [24] . The molecular and cellular pathways associated with this deletion include, for example, pro-apoptotic molecules and DNA repair proteins [25] . Such defective fields, with further mutation and aneuploidy due to bile acids, and further selection, could give rise to a colon cancer (Figure 1 ).
Based on the finding that DOC induces genomic instability in cultured cells, we investigated whether DOC, at a high physiologic level, could be a colon carcinogen. Addition of 0.2% DOC for 8-10 months to the diet of wild-type mice resulted in fecal levels of DOC in mice comparable to fecal levels of DOC for humans eating a high fat diet. This level of colon DOC induced colonic tumors in 94% of the mice, including 56% with cancers [26] . This indicates that the bile acid DOC is a carcinogen, not merely a promoter. Furthermore, these results suggest that, in humans, the association of colon cancer with a high fat diet is mediated by persistent exposure to high physiologic levels of bile acids, especially DOC.
